rate. This finding was consistent in two types of larval habitats examined-discarded tires and flowerpots, suggesting that bacteria play a crucial role in larval development. Pyrosequencing of the bacterial 16S rRNA gene was used to determine the diversity of bacterial communities in larval habitats and the resulting numbers of mosquitoes under both laboratory and field conditions. The microbiota profiling identified common shared bacteria among samples from different years; further studies are needed to determine whether these bacteria represent a core microbiota. The highest microbiota diversity was found in aquatic habitats, followed by mosquito larvae, and the lowest in adult mosquitoes. Mosquito larvae ingested their bacterial microbiota and nutrients from aquatic habitats of high microbiota diversity. Taken together, the results support the observation that Ae. albopictus larvae are able to utilize diverse bacteria from aquatic habitats and that live bacteria from aquatic habitats play an important role in larval mosquito development and survival. These findings provide new insights into bacteria's role in mosquito larval ecology.
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| INTRODUCTION
The past several decades have seen a growing interest in the impact of microbiota-a collection of microbial populations that reside on and in the host-on the physiology, development, and reproduction of invertebrates and vertebrates. In insects, the natural bacterial microbiota (hereafter referred to as microbiota) has been shown to contribute to nutritional metabolism (Coon, Vogel, Brown, & Strand, 2014) , immunity, and vector competence to parasites and pathogens (Engel & Moran, 2013; Jupatanakul, Sim, & Dimopoulos, 2014) . For example, termite gut microbiota is critical to cellulose digestion, providing important carbon and nitrogen to the host, which is often deficient in decomposing plant diets (Sapountzis et al., 2016) . In Drosophila, microbiota and the innate immune system interact closely, and the microbiota is required for antiviral defence (Sansone et al., 2015) . The gut microbial community also plays an important role in inducing biological larvicides' killing effects in the cotton leafworm (Caccia et al., 2016) .
Because of the microbiota's potentially important function in organismal physiology and development, extensive research has been conducted to characterize microbiota diversity in insects. In a number of insect species, the microbiota has been documented to be extremely diverse (Douglas, 2015; Engel & Moran, 2013; Manirajan et al., 2016; ; however, the factors shaping insect microbiota composition and structure are not well understood. Insects acquire many of their gut microbiota from the natural environment (Strand, 2017) , but the extent of microbiota fluctuations in the environment and their impact on insect microbiota are largely unknown. Furthermore, the effects of environmental microbiota on insect development and reproduction are not clear (Dickson et al., 2017; . For example, Coon et al. (2014) reported that Aedes, Culex and Anopheles mosquito larvae required living bacteria for development, although larval development appeared not to depend on particular bacterial species.
On the other hand, Chouaia et al. (2012) reported that An. stephensi mosquito larvae survived in rearing water treated with rifampicin and successfully developed into adults, though with a delay.
The bacterial microbiota has been examined in a number of mosquito species, including Ae. albopictus, Ae. aegypti, Ae. japonicus, Ae. triseriatus, An. gambiae, An. stephensi, Cx. pipiens, Cx. nigripalpus and Cx. quinquefasciatus . A variety of bacterial phyla were present in mosquito guts and bodies and shared among mosquito species, including Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria and Proteobacteria, though whether the bacteria shared by different mosquito species or by different mosquito populations of the same species are core bacteria remains unknown (see review by Guegan et al., 2018) . Throughout their life cycle, mosquitoes continuously encounter microorganisms, particularly in the larval stage, where their aquatic habitat harbours a high diversity of bacteria. Some evidence suggests that hosts exert strong control over their microbiota through their innate immune response in insects (Martinson, Douglas, & Jaenike, 2017; Smith et al., 2015) , but microbes may directly engage the immune system and actively shape beneficial host immune responses (Napflin & Schmid-Hempel, 2016) . On the other hand, environmental factors, such as diet (Belda et al., 2011; Hu, Lukasik, Moreau, & Russell, 2014) , and even microenvironmental factors such as gut intestinal pH, oxygen status and residence time of digesta play an important role in gut microbiota structure (Mikaelyan, Meuser, & Brune, 2017) . This study's objective was to determine bacterial microbiota's diversity and stability in larval habitats of the Asian tiger mosquito, Ae. albopictus, and the impact of microbiota on larval mosquito development. Aedes albopictus is an important vector of dengue, Zika (Liu et al., 2017) , chikungunya (Bonilauri et al., 2008) and other viruses (Gratz, 2004) . Aedes albopictus breeds primarily in artificial containers (e.g., tires, cemetery urns and water storage containers ; Li et al., 2014) . Due to its high physiological and ecological plasticity and ability to utilize containers, Ae. albopictus has spread globally from its native Asia during the past three decades, and is now considered to be the most invasive mosquito species in the world (Benedict, Levine, Hawley, & Lounibos, 2007; Bonizzoni, Gasperi, Chen, & James, 2013) . Aedes albopictus spread across continents primarily through shipment of commodities, such as used tires and house plants, that contained stagnant water (Knudsen, 1995) . We addressed three major questions: (a) Would bacterial clearance or abundance reduction through the use of antibiotics in larval habitats and through filtering of water of natural larval habitats inhibit or negatively affect larval mosquito development and survival? (b) Would the mosquito microbiota assemblage be modulated by environmental bacteria and mosquito physiological status, such as development stage and age? And (c) would microbiota fluctuation in larval habitats affect mosquito microbiota assemblage? Answers to these questions will provide important information about environmental modulations of mosquito microbiota and the role of microbiota in mosquito larval ecology. Such information may be valuable for the development of new vector control tools.
| MATERIALS AND METHODS

| Study sites
The study was conducted in Guangzhou (113°20 0 E, 23°10 0 N), Guangdong Province, China, and in Nabang (97°32 0 E, 24°45 0 N), Yingjiang
County, Yunnan Province, China, on the China-Myanmar border area.
For the past three decades, the two sites have been experiencing major dengue outbreaks, and Ae. albopictus is the major dengue vector species (Gratz, 2004; Wu, Lun, James, & Chen, 2010) . During the experimental period (June to August), the annual average temperature in these two sites was comparable, ranging from 27.8 to 29.9°C, within the optimal temperature for mosquito development.
| Ethics statement
No specific permits were required for the described field studies.
For mosquito collection in residential areas, oral consent was obtained from homeowners in each location. These locations were not protected lands, and the field studies did not involve endangered or protected species. Nabang in 2016 (Figure 1 ). The microcosms were made of sterilized metal bowls (15 cm diameter and 5 cm deep) and 200 ml of water.
In Guangzhou, we designed three treatments: (a) water from natural flowerpots; (b) natural flowerpot water filtered by a 0.22-lm Millipore filter, which should have filtered >95% bacteria (Wang, Hammes, Boon, & Egli, 2007) ; and (c) ampicillin added to water from natural flowerpots, with a final antibiotic concentration of 100 lg/ ml. We used ampicillin as it is a wide-spectrum antibiotic and has been used in several studies on mosquito microbiota (Coon, Brown, & Strand, 2016; Coon et al., 2017 
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Larvae (2) Adults (2) Water (2) Larvae (2) Adults (2) Water (2) F I G U R E 1 Experimental design for bacterial microbiota diversity study of Aedes albopictus mosquitoes. Laboratory mosquito strain was used to determine the effects of mosquito development stage and adult age on microbiota diversity. Mosquitoes were collected from the field in 2013 and 2014 to determine microbiota in the natural environments and temporal stability. The numbers in parenthesis indicate the number of independent biological samples analyzed assemblages in the mosquitoes, water samples from larval habitats, third-instar larvae and adult mosquitoes were collected from natural habitats in Guangzhou in 2013 and 2014 (Figure 1 ). Two types of natural habitats were examined-discarded tires and flowerpotsthe predominant larval habitat types of Ae. albopictus in the area.
For each habitat type, more than 300 larvae were collected from a minimum of 50 aquatic habitats, rinsed and preserved in the same manner described above. In a similar manner, surface microlayer water (within 5 mm from the surface) from these habitats was also collected, filtered and stored in 100% ethanol for microbiota analysis. Aedes albopictus mosquitoes were collected using BG traps alongside the larval habitats. We used the 16S rRNA gene V4 region for microbiota analysis because the V4 region has been shown to be a sensitive marker for bacterial phylogenetic analysis and is employed commonly (Caporaso et al., 2011; Kozich, Westcott, Baxter, Highlander, & Schloss, 2013; Yang, Wang, & Qian, 2016) . In brief, the 16S rRNA gene was ampli- Therefore, a total of 54 samples were sequenced on Illumina, including 24 samples for the laboratory populations (8 developmental stages 9 3 replicates = 24), 18 samples for 2013 (2 habitat types 9 3 developmental stages 9 3 replicates = 18) and 12 samples for 2014 (2 habitat types 9 3 developmental stages 9 2 replicates = 12).
|
| Quantitative PCR (qPCR) for quantification of total bacteria
We conducted qPCR to quantify the total bacteria load in mosquito samples used in the microbiota analysis described above, following the method of Lazarevic, Gaia, Girard, and Schrenzel (2016) . In brief, the qPCR used the 515F/806R primer pair that targets the V4 region of the 16S rRNA gene, mosquito rpS7 gene, as the reference gene (Wang, Gilbreath, Kukutla, Yan, & Xu, 2011) . Bacterial quantity was expressed as the ratio of 16S rRNA gene copy number to rpS7 gene copy number. The amplification was conducted in triplicate, each in a 20 ll reaction mixture containing 2 ll of genomic DNA, 10 ll 2XSYBR Green qPCR Master Mix (Thermo Scientific) and 0.5 lM primer. Reactions were performed in a CF996 Touch TM Real-Time PCR Detection System (Bio-Rad), with an initial denaturation at 95°C for 3 min, followed by 45 cycles at 94°C for 30 s, 55°C for 30 s and 68°C for 1 min, with a final step of 95°C for 10 s. This was then followed by a melting curve step analysis with the temperature ranging from 65°C to 95°C at 0.5°C increments to determine each amplified product's melting temperature. Because total bacterial load was determined relative to mosquito DNA, and mosquito DNA varied among larvae (0.70 lg/larva), pupae (2.65 lg/ pupa) and adults (0.31 lg/adult), we used total mosquito DNA measured from Nanodrop to normalize the bacterial load calculation.
Quantification of total bacteria in the water samples followed the method of Lazarevic et al. (2016) . Series dilutions of E. coli DH5a strain genomic DNA of known concentration were used for qPCR to build the reference curve. The qPCR amplified the 16S rRNA V4 region gene using a mixture of 12.5 ll Maxima SYBR Green qPCR Master Mix (2X; Thermo Scientific), 1 ll of each 10 lM forward primer (515F) and reverse primer (806R), 1 ll template DNA extracted above and 9.5 ll PCR water. The qPCR assay was performed on a Bio-Rad CFX96 Touch TM Real-Time PCR system with an initial denaturation at 95°C for 10 min, followed by 45 cycles at 94°C for 15 s, 55°C for 30 s and 72°C for 30 s. After a step of 72°C for 10 min for extension, a melting curve step of temperature ranging from 65°C to 95°C at 0.5°C increments was used to determine each amplified product's melting temperature. All reactions were carried out in triplicate. Bacterial load in a water sample was calculated against the reference curves obtained with E. coli DH5a genomic DNA, and expressed as the number of E. coli genome equivalents in a 1 ml water sample.
| Wolbachia strain quantification
Bacterial microbiota analysis identified Wolbachia as the most abundant bacteria in the adult mosquito specimens. Previous studies documented the presence of two Wolbachia strains (wAlbA and wAlbB) in Ae. albopictus (Zhou, Rousset, & O'Neill, 1998 (Tortosa, Courtiol, Moutailler, Failloux, & Weill, 2008) .
Three technical replicates were conducted per sample. The abundance of the wAlbA and wAlbB strain was calculated as the ratio of Wolbachia wsp gene to Ae. albopictus actin gene copies (Minard et al., 2014) . Total Wolbachia abundance was calculated as the sum of wAlbA and wAlbB abundance.
| Statistical analyses
| Survival analysis of life table data
The emergence rate was calculated as the proportion of first-instar larvae that developed into adults. The average emergence rate for each treatment was calculated. To determine the effects of bacterial removal by filtration and using antibiotics or adding larval food, nonparametric Wilcoxon tests were conducted to compare the differences in emergence rates among treatments.
| Pyrosequencing data processing
All analyses were conducted in MOTHUR v.1.38.0, a software package that combines a variety of tools designed to process 16S rRNA gene sequence data (Kozich et al., 2013) . In brief, two sets of reads for each sample were combined using the make.contigs command. The sequences were further filtered for sequence length (shorter than 250 bp or longer than 275 bp) or presence of more than one ambiguous base using the screen.seqs command, and unique sequences were identified using the unique.seqs command. Processed sequences were aligned against the SILVA reference database (https://www.mothur.org/w/images/9/98/Silva. bacteria.zip), followed by screen.seqs to remove sequences with more than eight homopolymers and the overhangs at both ends. Redundant sequences were examined and removed using unique.seqs. At last, the pre.cluster scripts in MOTHUR were used to denoise sequences, and chimera.vsearch and remove.seqs commands were used to remove chimeric sequences.
| Operational taxonomic units (OTUs) determination and a-diversity
Preprocessed sequences were aligned against the SILVA reference database, normalized and then used to generate an uncorrected pairwise distance matrix. Using the distance matrix and the furthest neighbour algorithm, all preprocessed sequences were clustered to detect OTUs at 0.03 (species), 0.05 (genus) and 0.2 (phylum) distance levels according to Schloss and Handelsman (Schloss & Handelsman, 2004) . Following the method of Coon et al. (2014) , singleton reads assigned to OTUs were discarded from the downstream analysis if their abundance was less than five reads because singletons may result from sequencing errors and thus lead to an overestimation of diversity. Rarefaction curves were constructed to determine sample coverage. Based on the OTU picker data, richness estimators (Chao1) and diversity indices (Shannon) were calculated for each mosquito or water sample.
Chao1 measures diversity based on only the number of OTUs present, whereas Shannon also takes into consideration each OTU's relative abundance. These analyses were carried out using the MOTHUR software.
| b-diversity analysis
Permutational multivariate analysis of variance (PERMANOVA) was used to determine whether microbiota assemblage varied among mosquito developmental stages, different larval habitat types and sampling years (Chen et al., 2016) . PERMANOVA tests (999 mutations) were performed using adonis functions in the vegan package in R 3.2.3. Nonmetric multidimensional scaling (NMDS) was used to visualize the pairwise Bray-Curtis distances among samples (Dixon, 2003; Oksanen et al., 2015) . Both analyses used a Bray-Curtis dissimilarity matrix calculated from the OTU abundance table as input. The Bray-Curtis dissimilarity matrix was calculated from a PHYLIP-formatted distance matrix based on OTU abundance using MOTHUR. Metastats (http://metastats.cbcb.umd.edu) was used to identify OTUs that exhibited significant differences in abundance between treatment at genus level (White, Nagarajan, & Pop, 2009 ). This analysis pooled sequences from the biological replicates to determine significant differences in relative abundance between larvae and adults, or between young and old adults.
Because Wolbachia was overwhelmingly abundant in the mosquito samples, we conducted two separate a-and b-diversity analyses, one using all processed sequences and the other with Wolbachia sequences excluded. This is because the microbiota outside cells is functionally and spatially distinct from Wolbachia, which is an endosymbiont. The two separate analyses would reveal whether a large number of Wolbachia sequence reads will skew the analysis of microbiota diversity.
| Bacterial load data analysis
To determine the impact of filtration and antibiotics treatment on total bacterial load in the water and larval mosquitoes, a one-way ANOVA with repeated measures was used. Tukey-Kramer honest significant difference (HSD) tests were used to compare the means of different treatments and time points.
WANG ET AL. The larva-to-adult emergence rate for Aedes albopictus larvae reared in the water from natural flowerpots in 2015 in Guangzhou was 11.0% and was 3.3% for those reared in water with depleted bacteria through filtering by 0.22-lm filter (Figure 2a) . The difference was marginally significant (v 2 = 3.16, df = 1, p = 0.07). In habitats treated with ampicillin, no Ae. albopictus larvae successfully developed into pupae, suggesting that antibiotic depletion of bacteria in aquatic habitats significantly inhibited mosquito larvae development. The inhibition of larval development was likely caused by the lack of critical nutrients in the microcosms or the larvae's inability to digest nutrients, because when autoclaved, and larval food was added to the rearing condition, the larvae emergence rate increased to 58.0-79.3%
(v 2 = 12.36, df = 1, p < 0.001; Figure 2a ). Nonsignificant differences in the larvae's emergence rates among the three treatments supplemented with food (v 2 = 3.31, df = 2, p > 0.05) suggested that the antibiotic itself in the rearing water was not detrimental to the development of mosquito larvae when nutrients were not limiting.
In 2016, we conducted similar life table studies in Yunnan using water from natural discarded tires and found that the emergence rate of Ae. albopictus larvae reared in microcosms with bacteriadepleted waters through filtering by 0.22-lm filters was 3.0%. This emergence rate was significantly lower than that in the microcosms made of water from natural discarded tires (82.0%; v 2 = 7.21, df = 1, p < 0.01; Figure 2b ). When autoclaved larval food was added to microcosms of filtered water, the larvae emergence rate increased significantly, to a level similar to that of the unfiltered natural discarded tire water (90.7%; v 2 = 2.87, df = 2, p > 0.05; Figure 2b ).
| Bacterial quantification in microcosms
The qPCR analysis was performed to determine the total bacterial load in water samples from microcosms in the life table studies at three time points: 1, 5 and 10 days since the first-instar larvae were introduced. In the 2015 study, we found that filtering natural flowerpot water with 0.22-lm filters reduced the total bacterial load by 3.9-fold (p < 0.01) and antibiotics treatment by 14.1-fold on Day 1 (p < 0.001; Figure 3a ). The total bacteria load was significantly reduced, by more than 90%, in Days 5 and 10 after mosquito larvae were introduced to the microcosms in comparison with Day 1, and this phenomenon was consistent among the three microcosm types (natural water, filtered water and antibiotic-treated water; Figure 3a ).
In comparison with microcosms without larval food supplement, bacterial loads in Day 1 in water samples from microcosms supplemented with autoclaved mosquito larval food (yeasts) were increased by 5.1-, 34.3-and 117.7-fold for natural water, filtered water and antibiotic-treated water (p < 0.0001 for the three comparisons; Figure 3a ). Similar to the microcosms without food supplementation, bacterial loads were reduced by >95% in Days 5 and 10 relative to Day 1 (Figure 3a) . The pattern of bacterial loads in Day 1 in microcosms of different water treatments remarkably mirrored the larva-to-adult emergence rate pattern shown in Figure 2a .
In the 2016 study with discarded tire water, filtering with 0.22-lm filters reduced the total bacterial load of larval microcosms by 2.4-fold (p < 0.01; Figure 3b ), paralleling the dramatic reduction in larva-to-adult emergence rate in the filtered microcosms (from 82.0% to 3.0%). The addition of autoclaved larval food to the microcosms with filtered water increased the total bacterial load by 6.6-fold (p < 0.0001), echoing the large increase in the larva-to-adult emergence rate (3.0-90.7%). The total bacteria loads decreased over time, and this was consistent for all treatments regardless of food supplementation ( Figure 3b ). Overall, these results suggest that live bacteria from aquatic habitats played an important role in Ae.
albopictus larval development and survival in natural habitats where nutrients for mosquito larvae were limiting.
| Pyrosequencing of bacterial 16S rRNA gene
To determine bacterial species composition in larval habitats and mosquito larvae, we examined microbiota in laboratory microcosms and . In 2015, the study used microcosms made of water from natural flowerpots, water with bacteria removed by filtering and treated by ampicillin. In 2016, microcosms made of water from natural discarded tires and bacteria removed by filtering were used. Significant improvements in emergence rate were observed in the corresponding treatments supplemented with sterilized larval food. NS, not significant; *p = 0.07; **p < 0.01 by the nonparametric Wilcoxon test natural habitats by pyrosequencing the bacterial 16S rRNA V4 gene.
Among the 54 samples examined, a total of 19.9 million sequence reads were obtained, and 9.2 million high-quality sequences were generated after quality filtering. The coverage of the sequences was 99.9 AE 0.1%, indicating very few singletons in the sequences obtained. The rarefaction curve with asymptotes suggests that samples from mosquitoes and larval habitat water had reached saturation and that the obtained OTUs represented the majority of microbiota in the populations, except for one sample (Day 3 adult; Supporting information Figure S1 ). Therefore, the data for one Day 3 adult sample were excluded from the subsequent analysis. Overall, a total of 2,179
OTUs were identified for mosquitoes and water samples from laboratory microcosms (Supporting information Table S1 ), and 6,003 OTUs for natural habitat samples (Supporting information Table S2 ).
For the Ae. albopictus colony reared in laboratory microcosms, the main bacterial phyla across all developmental stages were Proteobacteria (87.9%), Actinobacteria (4.3%), Bacteroidetes (3.6%), Planctomycetes (2.7%) and Firmicutes (0.8%). At the class level, the most common bacteria included a-Proteobacteria (58.8%), b-Proteobacteria (7.7%), c-Proteobacteria (21.2%), Actinobacteria (4.3%), Planctomycetacia (2.7%), Flavobacteria (1.9%) and Sphingobacteria (1.7%). For the mosquitoes collected from the field, the main bacterial phyla included Proteobacteria (78.7%), Bacteroidetes (11.7%), Acidobacteria (4.9%), Planctomycetes (2.2%) and Verrucomicrobia (1.0%). Similar to the laboratory colony, a-, b-, and c-Proteobacteria were the most common bacteria class found in the field mosquitoes, constituting 35.4%, 25.9% and 16.1% of the bacteria.
| Bacterial load and microbiota diversity in laboratory microcosms
To determine the impact of mosquito development stage on microbiota composition and quantity, we used Ae. albopictus laboratory colonies reared in microcosms under well-controlled laboratory conditions. We found that the total bacteria load in mosquitoes changed significantly over developmental stages (ANOVA; F (6,35) = 48.09, p < 0.0001). In particular, the larval stage exhibited the highest load, 18.2-, and 13.6-fold higher than pupae and adults, respectively (Figure 4a ; Tukey-Kramer HSD test; p < 0.001 between larvae and pupae, and between larvae and adults).
The bacteria's composition varied significantly across mosquito development stages. At the phylum level, Proteobacteria was always the predominant bacteria for larvae, pupae and adults, but its proportion increased from 81.8% in larvae to 93.7% in young adults (3 days old; Metastats, p = 0.010; Figure 4b ) and to 97.8% in old adults (17 days old; Metastats, p = 0.009; Figure 4b ). Planctomycetes abundance decreased by~11% (p < 0.05 for both comparisons) and Actinobacteria by 4% in adults in comparison with larvae (p < 0.001 for both comparisons). Water samples exhibited the highest diversity, followed by larvae and pupae, and adult mosquitoes exhibited the lowest diversity, as measured by the Shannon index and inverse Simpson index (Supporting information Table S1).
At the genus level, microbiota assemblages showed no significant differences among water, larval, and pupal samples (PERMANOVA; Corresponding treatments supplemented with sterilized larval food were conducted in parallel. Total bacteria abundance was quantified in Day 1, Day 5, and Day 10 using qPCR. NS, not significant; *p < .05, **p < .01, ***p < .001
replicates was similar in all mosquito developmental stages (Supporting information Figure S2 ).
We estimated the abundance of Wolbachia and non-Wolbachia bacteria using the total reads of Wolbachia and non-Wolbachia sequences from pyrosequencing, and Wolbachia-specific qPCR (Supporting information Figure S3 ). We found that the total non-Wolbachia reads were the highest in larvae, and decreased as mosquitoes aged (Supporting information Figure S3A ). The number of Wolbachia reads was the lowest and increased substantially in older female adults (Supporting information Figure S3B ). The qPCR found significantly higher Wolbachia abundance in adult mosquitoes in than larvae or pupae, and in old mosquitoes (>10 days Bacterial composition dynamics at the genus levels. Unclassified and uncultured bacteria genera were not presented. And (c) The proportion of Wolbachia in laboratory Ae. albopictus strain in different development stages and adult ages old) than in young adults (<7 days old; Supporting information Figure S3C) . These results demonstrated higher Wolbachia abundance in older mosquitoes than in larvae, pupae and young adults. Using diagnostic primers for Wolbachia, two strains of Wolbachia (wAlbA and wAlbB) were detected, and strain wAlbB was found more abundant in larvae, pupae and adults of all ages (Supporting information Figure S4 ).
| Diversity and temporal stability of bacterial microbiota of mosquitoes from natural habitats
Consistent with the laboratory microcosm study, water samples from natural mosquito habitats exhibited the highest bacterial diversity, followed by larvae, and adult mosquitoes showed significantly reduced diversity (Supporting information Table S2 ). This finding was consistent for both flowerpot and discarded tire habitat types in the two sampling years.
We performed PERMANOVA to determine the temporal stability of microbiota in water samples, and mosquito larvae and adults from natural habitats, using data from flowerpots and discarded tires for the two sampling years. The analysis based on Bray-Curtis dissimilarities revealed a marginally significant effect of study year on microbial assemblage (PERMANOVA; F 1,18 = 4.14, p = 0.057; Table 1 ), suggesting a lack of temporal stability in microbiota assemblage in larval habitats and mosquitoes. For example, the top two most common genera in larvae from flowerpots belonged to Novispirillum (62.5%) and Dysgonomonas (15.3%) in 2013, but to Micrococcineae (14.4%) and Corynebacterineae (13.2%) in 2014 (Figure 5a,b) . The predominant bacteria were Wolbachia (68.3%) and Acinetobacter (17.9%) for adult mosquitoes collected in 2013, and Wolbachia (83.2%) and Achromobacter (16.6%) for those collected in 2014 (PERMANOVA; F 1,7 = 1.887, p > 0.05). A lack of temporal stability was found for mosquitoes from discarded tire habitats (Figure 5c,d ). Overall, there was a modest overlap in OTUs between the two study years in mosquito larvae, adults and water samples in the two habitat types, ranging from 31.4% to 59.6% for flowerpots (Figure 5e ) and 31.2-66.3% for discarded tires (Figure 5f ). The difference in microbiota species composition between mosquito larvae and adults was highly significant (PERMANOVA; F 2,18 = 6.38,
NMDS based on the Bray-Curtis distances was used to visualize the relationships shared among water and mosquito samples from natural environments (Supporting information Figure S5 ). Aedes albopictus larvae, adults and habitat water samples had cohesive clusters individually despite having different origins, of flowerpots or tires. The water and larvae samples had more similar bacterial community composition with a higher proximity in the NMDS plot, while adults had a more unique community. The influence of developmental stage factors in the microbial composition can be observed.
Because 
| Common shared bacteria
A total of 50 bacteria genera shared between Ae. albopictus larvae or adults in the two sampling years with a minimum relative abundance of 0.1% were identified (Figure 6a ). These bacteria were mostly within the phylum of Proteobacteria (33 genera) and Bacteroidetes (8 genera). Among them, 33 genera (66%) were shared between larvae and adults in the two study years. Clustering analysis based on the relative abundance of these 33 shared bacteria found two major clades corresponding to mosquito developmental stage (larva vs. adult), but not to habitat type or sampling years (Figure 6b ), indicating that mosquito developmental stage was a major determinant of microbiota assemblage. Among the shared bacteria, the 
| DISCUSSION
In the current study, we demonstrated that live bacteria in aquatic habitats play a critical role in the development and survivorship of Ae. albopictus mosquito larvae under natural conditions when food for mosquito larvae was limited. Bacteria's important role in mosquito larval development is evidenced by three experimental observations. First, through our life table study in the Guangzhou site in 2015 using natural flowerpot habitats, we found a significant reduction (from 11.0% to 3.3%) in emergence rate when water was filtered using 0.22-lm filters and total bacterial content was dramatically reduced. Bacterial depletion of the same water using ampicillin antibiotics resulted in a 0% pupation rate. In 2016, a 79% reduction in emergence rate was found in the Yunnan study site when water from discarded tires was filtered. Second, there appeared to be a dose-response relationship between mosquito emergence rate and bacterial load in aquatic habitats. For example,
we observed a six-to nine-fold higher total bacterial load in the treatments with larval food supplementation compared to the respective controls. In parallel, larval survivorship in these treatments also increased dramatically. Higher bacterial load in microcosms with water from natural flowerpots and discarded tires compared to those with 0.22-lm filtered water corresponded to an increased pupation rate. Third, by Day 5 and Day 10 total bacterial load was significantly reduced from Day 1 in nearly all microcosms used in our study. Such a reduction in total bacterial load likely resulted from mosquito larvae's ingestion and subsequent removal of bacteria.
Together with the findings of Coon et al. (2014) and other earlier literature (Kaufman, Bland, Worthen, Walker, & Klug, 2001; Kaufman et al., 2006) , we conclude that live bacteria are critical to the larval development of Ae. albopictus mosquitoes in nature when nutrients for mosquito larvae are generally limited.
Our results were consistent with an earlier study on An. Stephensi, which reported that the pupation time of mosquito larvae reared in rifampicin-treated water was delayed by more than 4 days and that the pupation rate was reduced by 88% (Chouaia et al., 2012) . We observed a zero pupation rate in our experiments with
Ae. albopictus in habitats with ampicillin-treated water and an 11% pupation rate in the control. The difference in pupation rate between our experiments and those reported by Chouaia et al. We detected a higher emergence rate in microcosms made of natural water from discarded tires than in microcosms of flowerpot water (82% vs. 11%). This difference may be explained by factors related to detritus and microorganisms in the water and differences in rearing conditions, such as temperature. First, the water from dis- F I G U R E 6 Heat map of relative abundance of shared bacterial microbiota in Aedes albopictus mosquitoes across developmental stages, habitat types and sampling years. A genus marked by "*" indicates the bacterial genera that differed in abundance between larval and adult stages at p < 0.05. Bacterial genera were represented in colors based on their phylum classification microorganisms which facilitate its decomposition (Holguin, Vazquez, & Bashan, 2001) , as evidenced by the 2.2-fold higher total bacterial load in discarded tire water than in flowerpot water. Small particulates in the detritus can be directly ingested by mosquito larvae, and ingestion of small particulates is considered an efficient means for larvae to obtain nutrients (Yee & Juliano, 2006) . Second, higher bacterial loads in the discarded tire water may have helped larval development and survivorship, particularly when detritus was available in the discarded tire water. Yee, Yee, Kneitel, and Juliano (2007) found that larval survival to adulthood was significantly higher when larvae had access to both microorganisms and animal detritus than to water microorganisms or to detritus alone. The finding of high larval survivorship in the discarded tire water was consistent with the finding that discarded tires typically showed a higher larval positivity rate than flowerpots and other types of aquatic habitats in nature (Li et al., 2014) .
We consistently detected significantly higher microbiota diversity in aquatic water samples than in larval or adult mosquitoes under the laboratory and field conditions. This is expected, as larvae acquired their microbiota from the habitats and are permissive to only a subset of bacteria to survive and propagate. Significant differences in microbiota detected between larvae and adult mosquitoes observed in our study may be due to immune selection of bacterial fauna by different mosquito developmental stages and by adult mosquitoes' mobile foraging behaviour. In particular, Wolbachia was extremely common in adult Ae. albopictus mosquitoes, constituting >50% bacterial abundance. Wolbachia can cause cytoplasmic incompatibility to Ae. albopictus, reduce mosquito lifespan and alter vector competence to viruses (Blagrove, Arias-Goeta, Failloux, & Sinkins, 2012; Fraser et al., 2017; van Tol & Dimopoulos, 2016) . Thus, Wolbachia have been proposed as a biopesticide for population suppression (O'Connor et al., 2012) and as a potential candidate to drive pathogen-blocking genes into natural mosquito populations (Caragata et al., 2013) . We found that
Wolbachia was increasingly abundant in older mosquitoes compared to younger mosquitoes, and all the field-collected adults were infected with Wolbachia. The mechanism for increasing Wolbachia abundance in older mosquitoes is not clear, but this phenomenon may have important implications for Wolbachia's transmission-blocking capacity.
Wolbachia colonization and proliferation in the adult mosquito host is highly dynamic during the period when pathogens were ingested through blood meal. Pathogen development must encounter microbiota perturbation, which may subsequently impact the mosquitoes'
antipathogen immune response (Weiss & Aksoy, 2011) .
Among all the shared bacterial genera in Ae. albopictus larvae and adults, Wolbachia was the dominant genus, especially in adults. Consistent with our results, the high prevalence of Acinetobacter has been previously reported in Ae. albopictus (Minard, Tran, et al., 2013) .
Acinetobacter was stably associated with several Aedes and Culex species and was found to be synergistic with Asaia in Ae. albopictus (Minard, Tran et al., 2013) . Acinetobacter was also found to be involved in blood digestion . The enteric bacteria Aeromonas and Micrococcineae are common in environmental water and can be transmitted from larvae to adults as nutrients . Mutual exclusion between Asaia and Wolbachia was reported in Aedes and Anopheles mosquitoes (Rossi et al., 2015) , which may explain why our mosquito samples found a low abundance of Asaia, with very high Wolbachia abundance. Overall, there is very limited knowledge of the biological function of the shared bacteria identified in the current study.
In summary, the current study demonstrated bacteria's important role in Ae. albopictus larvae development and survivorship.
Mosquito larvae acquired their microbiota from their habitats, and mosquito microbiota was strongly modulated by mosquito physiological status, such as developmental stage and mosquito age.
Aedes albopictus larvae survive well in natural aquatic habitats with highly dynamic microbiota. This species' ability to use diverse bacteria for its larval development and survival has contributed its successful utilization of containers as larval habitats and facilitated its global expansion.
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